East African human (EAH) isolates to those of dairy and pathogenic origin were analysed to better estimate potential health implications via FDP consumption. The MLST-derived population structure was also evaluated to provide host, disease, geography and dairy adaptation associations for 157 SBSEC isolates, including 83 novel Sii/SBSEC isolates of which 40 originated from Kenyan colonoscopy patients. Clonal complex (CC) 90 was delineated as potential pathogenic CC for Sii. Single EAH, West African dairy (WAD), food and animal Sii isolates clustered within CC-90, suggesting a potential link to pathogenic traits for CC-90. The majority of EAH and WAD Sii were clustered in a shared clade distinct from CC-90 and East African dairy (EAD) isolates. This indicates shared ancestry for the EAH and WAD clade and limitations to translate disease associations of EAH and CC-90 to EAD Sii, which could support the separation of pathogenic, pathobiont/commensal and food lineages.
Results

MLST analysis of novel SBSEC isolates and update on key characteristics of the SBSEC MLST scheme.
This study marks the first comparison of human SBSEC and Sii isolates of African origin to those of human commensal, human pathogen, animal commensal and dairy origin of a global collection. A total of 83 SBSEC and Sii isolates were integrated into the SBSEC multi locus sequence typing (MLST) scheme to yield 157 isolates for the subsequent assessment of evolutionary and phylogenetic relationships ( Fig. 1 ). All isolates originating from human, animal and food collections were previously identified as SBSEC members using SBSEC-specific PCR assays targeting the 16S rRNA gene and to species level using partial groEL sequencing 6, 20, 21, 24, 27, [29] [30] [31] [32] [33] .
The SBSEC MLST scheme currently contains 120 STs out of these 157 isolates (Table 1) . MLST analysis confirmed the subspecies of all 83 isolates, including 75 Sii, three Sgm, four Sgp, and one S. lutetiensis previously determined by groEL sequencing ( Table 1 ). The new isolates were responsible for a total of 54 new STs of which 47 were due to Sii isolates in addition to one S. lutetiensis, three Sgm and three Sgp isolates as a result of four to 30 new alleles for the 10 different loci ( Table 1) . I A and I A S were calculated to be 0.534-2.784 and 0.059-0.309, respectively, indicating significant linkage disequilibrium for most species except Sgp ( Table 1) . The values of d N /d S < 1 indicate no selective pressure for most alleles except for gki in Sgm (Table 1 ). However, while overall SBSEC (n = 157) and Sii (n = 114) provided sufficient data for calculations, the number of alleles for S. lutetiensis, Sgm and Sgp is still comparably low for reliable calculations.
Phylogenetic analysis of Sii by MLST in relation to host, source, geography and genetic markers.
A total of 114 Sii isolates were included in this analysis, of which 41 originated from human faecal samples and rectal swabs obtained in Kenya, referred hereafter as East African human (EAH) isolates (colonoscopy patient Sii isolates n = 34, infant faecal sample Sii isolates n = 7). Four out of the 33 Kenyatta National Hospital (KNH) patients delivered Sii isolate pairs. The isolate pairs of three patients were determined as potential isolate duplicates per patient (D261/D933, D1201/D1202, D1396/D1437), whereas one patient delivered two unique isolates D1095 and D1098 ( Supplementary Fig. S1 ).
The Sii were separated into eight distinct clades with the major clusters comprised of (i) isolates of West African Dairy (WAD) and EAH, (ii) isolates of human blood (pathogenic), animals, EAH, WAD and pozol; and SCIENTIFIC RePORts | (2018) 8:9181 | DOI:10.1038/s41598-018-27383-4 (vii) isolates of East Africa dairy (EAD) origin as well as the Sii type strain and presumptive commensal Sii ( Fig. 1 and Supplementary Fig. S1 ). Sii strains added in this study were clustered in all Sii clades except clade (v).
Geography and sample origin were observed as important aspects for clade structure in relation to dairy isolates. WAD and EAD Sii isolates analysed in this study clustered predominantly in the clades (i) and (vii), respectively. In contrast, EAH isolates clustered in clade (i) with the exception of isolate D1266, which clustered in clade (ii). EAH Sii isolates obtained from colonoscopy patients at KNH, Nairobi, Kenya (33 isolates) and from infant faecal samples in Msambweni, Kenya (7 isolates), clustered in clade (i) shared with WAD/Asian Sii isolates (19 isolates), whereas one EAH Sii isolate (D1266) clustered in clade (ii) of human pathogens ( Fig. 1 and Supplementary Fig. S1 ). Subdivisions of individual clades were not further followed due to limited bootstrap reliability.
Analysis of alleles and loci revealed that clustering of WAD/Asian Sii (n = 19) with EAH Sii (n = 40) in clade (i) was due to shared or highly similar alleles for glnA, mutS2, proS, thrS and tpi, despite different geographical origins and biological sources. The consensus allele array (ddl, gki, glnA, mutS, mutS2, pheS, proS, pyrE, thrS, tpi) for WAD and EAH was (2,2,2,6,2,2,2,3,2,2) and (3,3,2,1,2,3,2,41,2,2), respectively. This consensus is clearly different from that of EAD isolates and human commensal isolates of clade (iii) featuring the consensus allele array (1,1,1,4,6,1,1,1,4,1). DNA sequence analysis of all shared alleles (glnA, mutS2, proS, thrS and tpi) among WAD and EAH isolates in clade (i) displayed highest sequence identity to other Sii isolates for glnA, mutS2, proS and tpi. In contrast, thrS allele sequences of all Sii isolates of clade (i) featured highest sequence identity to S. thermophilus. This highest sequence identity to S. thermophilus was observed for all thrS alleles (2, 8, 18, 32 and 34) comprised in isolates of clade (i), and confirms previous indications of potential horizontal gene transfer (HGT) in this clade for thrS 24 . In addition, thrS displayed also characteristics of HGT among other SBSEC members. thrS alleles 23 and 31, as well as 33, shared highest sequence identity with S. salivarius and S. thermophilus, respectively. Alleles 23 and 33 were observed in Kenyan Sgm isolates of human origin and Sgm DSM15879 T from Greek cheese. Allele 31 was present in S. alactolyticus DSM 20728 T .
Clonal Complex (CC) calculations, with a CC definition based on STs sharing seven or more out of 10 alleles 24 , revealed six CCs for Sii, two for S. equinus/S. bovis, two for Sgp and one each for S. lutetiensis and Sgm (Fig. 2 ). Among these, five CCs were comprised of more than two STs and were labelled CC-101, CC-71, CC-90 and CC-161 for Sii and CC-37 for Sgm. Out of the Sii CCs, CC-101 was comprised of 32 isolates yielding 21 different sequence types (STs) ( Fig. 2 and Supplementary Fig. S1 ). The predicted founder of CC-101 was ST 101. The other Sii CC-71, CC-90 and CC-161 were comprised of 17, 12 and 4 STs representing 31, 13 and 10 isolates that were centred around ST71, ST90 and ST161, respectively. However, a founding ST prediction was only possible for ST161 in CC-161, while for the CCs comprising ST71 or ST90, no founding ST could be calculated. Origin and source were strongly associated with Sii CCs (Fig. 2 ). CC-90 encompassed all Sii human blood isolates of potential pathogenic backgrounds from worldwide sources, human clinical isolates of unknown body sites as well as several EAH, WAD, European dairy and plant isolates, raising safety concerns for members of CC-90. CC-71 was predominantly comprised of EAD Sii isolates. EAD Sii isolates and STs were all comprised within CC-71 with the exception of two singletons. CC-101 was a mix of WAD and EAH Sii isolates, including a Spanish hospital isolate (ST88). In contrast to the focused clustering of EAD Sii isolates in CC-71, WAD and EAH Sii isolates displayed wider distribution among three different CC-s and numerous singletons. This higher diversity of WAD vs. EAH and EAD Sii isolates was supported by SID analysis of the Sii STs for EAD, EAH and WAD of 0.940, 0.970 and 0.975, respectively, and also for the individual ten alleles ( Supplementary Table S1 ). The higher SID of EAH and WAD Sii was mainly due to isolates being spread over different clades. Focusing only on clade (i), SID indicated a lower diversity of 0.968 and 0.961 for EAH and WAD Sii, respectively ( Supplementary Table S1 ). Similarly, sequence identity analysis of the concatenated sequences of the 10 alleles of all EAH Sii isolates featured an average identity of 99.6% vs. 99.8 for EAD and 98.7 for WAD Sii ( Supplementary Table S2 ). Within clade (i), EAH and WAD Sii featured 99.7% identity, showing that within a clade, sequence conservation was rather high ( Supplementary Table S2 ).
The presence of the dairy adaptation marker genes lacS/lacZ was strongly associated with Sii CCs and MLST clades ( Supplementary Fig. S1 and Fig. 2 ). Marker genes were only detected in EAD and WAD Sii isolates. None were detected in EAH Sii isolates ( Supplementary Fig. S1 ). EAD Sii isolates shared 96.9% prevalence of lacS/lacZ genes among 32 isolates. In contrast, WAD Sii isolates (n = 24) only presented 54.2% lacS/lacZ prevalence that was focused on isolates clustered in four small clades and two single branches. In relation to CCs, CC-71 was mainly comprised of EAD Sii isolates featuring lacS/lacZ adaptation in 15 out of 17 STs, with Sii type strain (ST1, human faecal isolate) and Sii 150A (ST7, EAD isolate) being the exceptions. CC-101 including WAD Sii isolates only presented lacS/lacZ in six out of 11 WAD STs, but not in any of the EAH STs. Similarly, no lacS/lacZ adaptation was detected in human blood isolates or any STs of CC-90 and CC-161.
Phylogenetic analysis of S. gallolyticus subspecies. A total of seven new S. gallolyticus isolates and STs
were added to the SBSEC MLST scheme (Figs 1 and 3 ). The three Sgm isolates comprised of one WAD and two EAH isolates clustered clearly distinct. They did not match existing ST or CC definitions and therefore formed singletons. Sgm PV1(1) (WAD) branched as a single isolate and separated from the main S. gallolyticus clade. Within the main Sgm clade, a clear division between the Sgm type strain clade and the majority of African Sgm isolates was observed using sequence-based analysis ( Fig. 3 ). However, profile-based analysis assigned the majority of EAD and WAD Sgm to CC-37, together with the Sgm type strain. Sgm CC-37 was defined around ST37, although no direct founder was predicted. CC-37 was comprised of six isolates each representing a unique ST, but all members of CC-37 shared a dairy origin suggesting CC-37 as a main dairy CC for Sgm.
EAH Sgp isolates formed subclades with Sgp ATCC700338 and Sgp DSM15351 T . CC definition among Sgp was only possible for two pairs while the other STs remained singletons. Sgg represented only singletons without any CCs. This finding of a majority of singleton isolates was also reflected in highest SID values of 1 for Sgm, Sgg and Sgp indicating absolute diversity ( Supplementary Table S1 ). DNA sequence identity across the 10 alleles showed high conservation of 99.2 and 99.5% for Sgg and Sgp, respectively, whereas Sgm featured 98.4% ( Supplementary  Table S2 ). EAH Sii were distributed among clade (i), with the exception of Sii D1266 clustering in clade (ii) yielding a clear separation for most EAH Sii isolates from those of blood origin of clade (ii) 24 and EAD Sii of clade (vii) ( Supplementary Fig. S1 ). There was no apparent allocation of diagnoses as well as normal colon types or patient origin to specific subclades within clade (i) due to a high degree of sequence identity ( Supplementary Fig. S1 ). Isolate D1266 of a patient suffering from haemorrhoids clustered among these presumptive pathogens of clade (ii).
ST and alleles ST and alleles ST and alleles ST and alleles ST and alleles
Consumption of FDP was a rare trait among participants and only recorded for seven patients ( Fig. 3 and Supplementary Fig. S1 ). This included two exclusive Sii carriers, three exclusive Sgp carriers and two carriers of either Sii and Sgp or Sii and S. lutetiensis. None of these isolates of FDP consumers were found to harbour dairy adaptation markers lacS or lacZ. Furthermore, MLST clustering of Sii and Sgm of these EAH isolates was clearly distinct from the corresponding species among the dairy adapted EAD isolates, indicating that EAH Sii and possibly also Sgm represent different lineages from EAD Sii and Sgm, respectively.
For Sgm, Sgp and S. lutetiensis, none of the patients reported to carry Sgm (one patient, one isolate), Sgp (four patients, four isolates) or S. lutetiensis (one patient, one isolate) were diagnosed with CRC, whereas haemorrhoids was the most common finding in three patients, followed by normal colon in two patients ( Fig. 3 ).
Discussion
Sub-Saharan Africa has unique lineages of dairy adapted Sii isolated from traditional FDP that are clearly distinct from human and animal isolates obtained from Europe or Asia 24 . Previous epidemiologic data of patients undergoing colonoscopy at KNH suggested an association between CRC and Sii as well as haemorrhoids and Sii. Although no causality is proven, this finding raises concerns considering the large population consuming Sii on a daily basis via FDP. However, before this study, no African human Sii isolates had been analysed to reveal the population structure, phylogenetic relationships and potential evolution of African human Sii vs other human and particularly dairy Sii. In addition, this study reports the first human Sgm and Sgp isolates obtained in Africa to give a more comprehensive insight into SBSEC in Africa.
A total of 83 new SBSEC isolates including 75 Sii isolates of human, dairy and animal origins were therefore included in this study for a total of 157 SBSEC isolates in the MLST scheme. Of these 75 Sii, 34 Sii isolates originated from human patients undergoing colonoscopy at KNH, Kenya while others were obtained from Kenyan infants as well as food and human sources in Africa, Europe, Asia and America. Among the Sii, CC-90 was clearly delineated from all other CCs, and encompassed all human blood isolates and thus potential human pathogens. CC-90 could therefore be considered as a key pathogen CC of Sii. The presence of single EAH and WAD Sii among CC-90 raises concerns for human carriers and food products containing these strains. However, the clear delineation of CC-90 from the EAD CC-71 and EAH clade (vii) as well as most other WAD/EAH CCs and clades supports further in-depth functional and genomic comparisons between key representative isolates of these CCs.
The unexpectedly close relationship between EAH Sii and WAD Sii raised further concerns and questions. The EAH Sii isolates were, with the exception of one isolate, closest related to WAD Sii isolates and clearly distinct from EAD Sii isolates. The majority of EAH and WAD Sii isolates clustered in shared CC-101 and CC-161 instead of CC-71 of EAD. This phylogenetic division was related to highly similar or shared alleles in five out of ten loci, suggesting a common ancestor for most EAH and WAD Sii. Furthermore, EAH and WAD Sii isolates shared the unique feature of thrS alleles with highest sequence identity to S. thermophilus/S. salivarius. This could be a result of genetic exchange at the base of this clade to define this new lineage. As observed for Sgp and Sgm in comparison to Sgg, this might further suggest a common ancestral Sii, possibly of human or animal origin, from which these lineages diverged and undergo niche-adaptation, particularly for EAD Sii 7, 34 .
The combined clustering of EAH Sii and WAD Sii isolates also raised questions regarding the original reservoir of these lineages as well as the possibility for regular exchange of isolates between humans and dairy products. EAH isolates were obtained from several participants consuming traditional FDP. Kenyan FDP were observed to contain dairy adapted Sii in over 90% of samples, of which strains clustered exclusively in the EAD Sii clade (vii) 21, 24 . The absence of the dairy adaptation marker genes lacS/lacZ in all EAH Sii isolates as well as a clear MLST separation from EAD Sii isolates strongly suggests that none of the EAH Sii isolates originated from FDP. This also suggests that the observed association between EAH Sii 27 , haemorrhoids and CRC does not directly apply to the EAD Sii lineage without further strain-to-strain evaluation.
Whether the reason for the absence of EAD Sii in FDP consumers is related to the ability of EAD Sii to compete against intestinal Sii and then colonize the gastrointestinal tract remains to be investigated. Colonization is often related to an initial adhesion step. Adhesion to extracellular matrix proteins of the gut such as mucin was limited among EAD in contrast to human isolates 24 , and could be an indication of reduced competitiveness within the gut microbiota. This will of course require further functional comparisons between isolates and additional field-based studies to directly link dairy product analysis with consumer stool analysis, as well as comparisons between East and West Africa.
This East-West comparison seems crucial due to the different dairy Sii lineages and potentially different human Sii lineages. It also has important safety implications, as the clear division between the EAH/WAD Sii lineages of clade (i), the potential pathobiont human Sii lineage of clade (ii) and the dairy adapted EAD lineage of clade (vii) might enable better definition of possible virulence factors and dairy marker genes for a thorough safety assessment. However, this also means that food isolates (WAD, Asian and Mexican Sii) clustered in clades (i) and (ii) will require even more detailed examinations to provide recommendations for fermented food production.
The causality of SBSEC to CRC is an ongoing investigation 9 . In this study, no apparent link between EAH Sii isolates, geographic patient origin and CRC or haemorrhoids could be established ( Supplementary Fig. S1 ). This was certainly limited by the available number of strains for analysis. It is however an important step towards establishing better epidemiologic data for Sii. Sii showed an association with CRC and haemorrhoids among colonoscopy patients at KNH, Nairobi, Kenya 27 . This finding therefore supports the recommendation that the detection of any SBSEC member justifies colorectal examination 8 . However, these EAH Sii were not related to EAD Sii, and thus disease associations found for EAH in colonoscopy patients might not apply to EAD Sii. Further epidemiologic and comparative investigations are required to determine the role of EAD Sii lineage strains in relation to EAH and WAD, particularly among larger sample numbers of FDP consumers. These assessments will also need to consider recent findings relating to rotavirus vaccine responses among Ghanaian infants, which showed positive correlation with SBSEC titres in gut microbiota 35 , and could thus further highlight a special role of SBSEC members in sub-Saharan Africa.
Within the S. gallolyticus branch, Sgm lineages provided several indications for unexpected phylogenetic differentiations. Sgm PV1(1) isolated from WAD branched off early from all other S. gallolyticus members. This finding will require in-depth analysis via whole genome sequencing to determine the reasons for this branching and assist in species classification. Within the Sgm main clade, only one EAH isolate (SP49-0307-1.3) clustered close to the Sgm type strain, whereas all others formed a clearly-separated African lineage when using sequence-based analysis. However, profile-based analysis indicated the formation of a possible dairy CC-37 together with the Sgm type strain while EAH Sgm and PV1(1) represented singletons, suggesting possible diverging human and dairy lineages as for Sii but on a more global scale. However, the differentiation between EAH, EAD and WAD Sgm is less established compared to Sii and too early for further interpretation. In contrast, Sgp displayed a single African lineage clearly integrated into a separated branch and CC-99/106 within the Sgp clade. The number of available strains and the presence of mostly singletons for Sgp as well as Sgg are too little for further interpretation at this stage.
These different observations in MLST trees calculated from profiles (Fig. 2 ) vs concatenated sequences ( Fig. 3 and Supplementary Fig. S1 ) relate to the effect of recombination as a major driver for intrastrain variations within the SBSEC 24, 36 . A profile-based approach in the case of a recombinant population provides equal weight for any kind of mutation and thus reduces the impact of genetic exchange among lineages 36 . In recombinant populations, this can lead to discrepancies between CC definitions according to profiles and concatenated sequence phylogenies as observed in this study ( Fig. 3 and Supplementary Fig. S1 ). Often, species do not evolve as strictly clonal or recombinant populations but rather feature a combination of clonal and recombinant evolution 36 . Profile and sequence-based analysis in parallel helped to reveal the thrS-allele influenced delineation of clade (i) among Sii, but also the clear definition of key CCs for EAD Sii (CC-71), EAH/WAD Sii (CC-101 and CC-161), potential human pathogens Sii (CC-90) as well as potential Sgm dairy lineage (CC-37) ( Fig. 3 and Supplementary Fig. S1 ).
Conclusively, MLST analysis of 157 SBSEC isolates including the first set of Sii, Sgm and Sgp isolates obtained from patients undergoing colonoscopy at KNH, Nairobi, Kenya, revealed unexpected insights into the phylogeny and population structure of the SBSEC including multiple recombination events. Africa-specific lineages were obtained for Sii, Sgm and Sgp requiring in-depth comparisons to described pathogens. Among Sii, CC-90 was delineated as a potential main pathogen lineage comprised of all human blood isolates but also single EAH, WAD, animal and food isolates, indicating health risks for these food and faecal isolates. Unexpectedly, most EAH Sii isolates shared closest phylogeny, allele sequences and absence of dairy adaption markers with most WAD Sii isolates to form one major clade comprised of two mixed CCs and multiple singletons. This clade structure indicates a shared ancestor for EAH and WAD Sii isolates that is clearly distinct from the EAD Sii. In East Africa, this finding seems to suggest the evolution of a unique Sii dairy lineage, which is significantly separated from any African human Sii isolate, even those obtained from East African FDP consumers and colonoscopy patients. The association of EAH Sii with CRC and haemorrhoids should therefore not be directly linked to EAD Sii without further functional and genomic comparison to potentially separate pathogenic, pathobiont and food lineages. Consequently, clade-and CC-specific marker genes will need to be identified to enable a thorough safety assessment per lineage. Furthermore, detailed epidemiological data on human SBSEC isolates paired with dairy product analysis from the regular population in Africa, particularly West Africa due to the EAH-WAD Sii link, and other continents will be required for a more comprehensive picture beyond the hospital setting. The daily consumption of Sii-containing food products by approximately 200 million people in sub-Saharan Africa demands such actions given the general recent pathogenicity implication postulated for all SBSEC members 8 , but under consideration of the novel population structure findings of this study. Origin and overview of bacterial strains and criteria for isolate selection. This study was based on the pool of 130 SBSEC isolates obtained during the colonoscopy study performed at Kenyatta National Hospital (KNH), Nairobi, Kenya involving 273 participants recruited from 2013 until 2015 27 . The 130 isolates were obtained from 56 out of 228 unique study participants. These isolates represent the first human SBSEC isolates of African origin to be analysed for their phylogeny and evolutionary relationships. For each isolate, corresponding participant hospital diagnosis of colon disorders and responses from a guided interview on lifestyle, socio-demographics and dietary habits is available 27 .
Methods
The criteria for isolate selection among KNH human isolates for this study were based on patients' colonic disorder, FDP consumption status, residence (urban or rural) as well as isolate rep-PCR fingerprint and presence of lacS/lacZ marker gene. This detailed selection was performed to achieve a wide variety of isolates with different patient backgrounds. A total of 40 SBSEC and Sii from 33 different patients were thus selected. Species and subspecies status of these isolates was previously determined using a 16S rRNA gene-based assay and partial groEL sequencing 21, 24, 27 . The species distribution was 34 Sii (30 patients), one Sgm (one patient), four Sgp (four patients) and one S. lutetiensis (one patient) of which one patient each was determined as combined carrier of Sii and Sgm, Sii and Sgp or Sii and S. lutetiensis.
As an outgroup to the hospital-collected samples, Sii (n = 7) and Sgm (n = 1) isolates from faecal samples of eight infants participating in a gut microbiota study in Mswambeni, Kenya were incorporated 29 . In addition, further SBSEC and Sii isolates were incorporated to increase the diversity for subsequent comparisons. Among these additional isolates, Sii and Sgm dairy isolates were previously collected from traditionally fermented dairy products in Kenya (Sii n = 18), Somalia (Sii n = 2) and Côte d'Ivoire (Sii n = 8, Sgm n = 1) 20,21 . Further diversity among the isolate pool was achieved through SBSEC isolates kindly donated by other research collections including single isolates from external culture collections from hospitals in Spain (n = 2; Sii P-9 and JIM9345) 32 , Taiwan (n = 1, Sii NTUH-8) 6 , animal bovine milk isolate from France (n = 1; Sii ANSES 6953) 33 , Italian Grana cheese (n = 1; Sii 42) 31 and Mexican fermented maize (n = 1, Sii pozol) 30 . Overall, 83 SBSEC isolates were processed in this study and included in the SBSEC MLST scheme.
For validation of assays, the following reference strains were obtained for this study from the 
Growth media and growth conditions. Cultivation of SBSEC strains was performed overnight in Brain
Heart Infusion broth (BHI, Biolife, Milan, Italy) at 37 o C under aerobic conditions. The purity of strains was evaluated by streak plating onto Mitis Salivarius agar medium (Becton Dickinson, Allschwil, Switzerland) under aerobic incubation for 1-2 days at 37 °C. The stock cultures were stored at −80 °C in BHI broth supplemented with 33% (v/v) glycerol.
Molecular characterization of SBSEC isolates. General DNA isolation procedures, PCR conditions,
downstream processing and sequencing of amplified DNA fragments. DNA from single colonies was extracted by lysis and storage in an EDTA, Trizma-base, Triton-X 100-based buffer 24, 40 purified DNA amplicons was performed at GATC (Konstanz, Germany) and Microsynth AG (Switzerland) using the same primers as for PCR amplification. Screening for dairy adaptation marker genes lacS and lacZ. All strains were subjected to lacS and lacZ-specific PCR assays to determine the presence of a lacS/lacZ-mediated lactose uptake system using lacS and lacZ as marker genes for dairy adaption 24 .
SBSEC MLST assay. SBSEC and Sii phylogeny was assessed using the SBSEC MLST assay 24 . A total of 83 SBSEC and Sii strains were processed and submitted to the public repository on pubmlst.org. Processing of DNA sequencing chromatograms was performed in CLC Genomic workbench 7.5 (Qiagen Aarhus A/S, Denmark). Sequence quality trimming was performed with a parameter setting of 0.1 followed by paired-read assembly per strain and loci. Curation, allele and ST assignment was performed as previously described using MEGA7.0 and START2 24 .
Analysis of phylogeny was performed in MEGA7.0 and START2 based on the Maximum likelihood algorithm (200 bootstrap replications) to construct phylogenetic trees using the concatenated sequence-based MLST data of all 10 alleles for all 157 SBSEC isolates.
To investigate the genetic diversity of the ten housekeeping genes and to elucidate the impact of the newly added strains, key performance indices such as d N /d S ratio, index of association (I A and I A S for the standardized index) were calculated using START2 24 . For d N /d S , N is the number of non-synonymous sites (nucleotide substitutions change the amino acid) and S is the number of synonymous sites (nucleotide substitutions do not change the amino acid). d N is the proportion of non-synonymous sites and d S the proportion of synonymous sites. Investigating the d N /d S ratio provides information about the degree of selection; in our case the degree of selection within the ten housekeeping genes. A ratio with a value less than 1 indicates that the respective gene is under stabilizing selective pressure, which means that the population mean stabilizes and the genetic diversity decreases 41 . I A and I A S quantify the amount of linkage disequilibrium between the alleles of the ten loci. The index of association has an expected value of 0, which means that no association between the different loci exists and indicates free recombination 42 . I A and I A S were calculated using a single isolate per ST to avoid bias. Clonal complex (CC) calculations were performed in Phyloviz 2.0 and eBURSTv3 for groups of STs sharing 7 or more out of 10 alleles with at least one other member of this group 24 . Simpson's Index of Diversity (SID) was calculated for allele profiles to indicate infinite diversity for values of 1 and no diversity for values of 0 43 . Data availability. All data generated or analysed during this study are included in this published article and pubmlst.org. Additional information and access to raw data is available from the corresponding author on reasonable request.
